ABSTRACT Silvicultural treatments such as thinning have been suggested as management tools against the spruce budworm, Choristoneura fumiferana (Clemens) (Lepidoptera: Tortricidae). Among other things, parasitoids are also proposed to be inßuenced by silvicultural procedures, but the effect of thinning on spruce budwormÕs natural enemies has not been tested yet. In this study, the inßuence of partial cutting on parasitism of endemic spruce budworm populations has been investigated in mature balsam ÞrÐwhite birch forests. Two intensities of partial cutting (25 and 40% stand basal area reduced) were conducted in 2009 and parasitism of introduced spruce budworm larvae and pupae was determined during the 3 yr after these treatments. Pupal parasitism was too low for comparison between treatments. However, 2 yr after treatments, parasitism of the fourth-and Þfth-instar larvae was signiÞcantly reduced in plots with both intensities of partial cutting, which was attributed to the parasitoid Tranosema rostrale (Brischke). Three years after treatments, no signiÞcant inßuence of partial cutting on parasitism of spruce budworm larvae was found. This study suggests that the inßuence of partial cutting on parasitism of endemic spruce budworm populations is not consistent, but that under certain circumstances parasitism is reduced by partial cutting.
For at least the past three centuries, populations of the spruce budworm, Choristoneura fumiferana (Clemens) (Lepidoptera: Tortricidae), have reached epidemic densities over broad areas of North American conifer forests on a more or less regular basis (Blais 1965b , Morin 1994 . The last major outbreak in eastern Canada reached its peak in 1975, covering Ϸ57 million hectares of forest in eastern Canada and the United States (Kettela 1983) . During this outbreak, spruce budworm caused losses of Ͼ238 million cubic meters of wood Þber through tree mortality in QuebecÕs forests and approximately the same volume through growth reduction of trees (Coulombe et al. 2004) . Recently, populations of this defoliator have reached outbreak levels in several regions of northeastern Quebec, Canada (Ministè re des Ressources Naturelles [MRN] 
2013).
Mortality by parasitoids is an important factor driving oscillations of spruce budworm populations (Royama 1984) . However, their increased impact at the end of outbreaks has been linked to prior host population reductions (Ré gniè re and Nealis 2007) due to other factors that might include ßuctuations in alternate host populations (McGugan and Blais 1959; Blais 1960 Blais , 1965a Miller 1963) . Only limited data exist about the inßuence of parasitoids on endemic spruce budworm populations (Miller and Renault 1976; Cusson et al. 1998; J. R., unpublished data) .
Currently, the most commonly used control measure against spruce budworm is aerial application of the microbial insecticide Bacillus thuringiensis kurstaki (van Frankenhuyzen 1995 , Fournier et al. 2010 . Manipulation of forest habitats through silviculture is an alternative approach to manage defoliating insects because it may provide long-lasting, inexpensive control with low environmental impact (Bauce 1996, Muzika and Liebhold 2000) . It has been suggested that thinning could reduce damage caused by spruce budworm (Crook et al. 1979 , Bauce 1996 , Bauce et al. 2001 . Fuentealba and Bauce (2012b) found increased resistance to spruce budworm in balsam Þr trees 3 yr after stand thinning, mostly as a result of an increase in foliar production in residual trees. However, in the shorter term (Þrst year), tree resistance to defoliation was reduced through reduction in foliar monoterpenes (Bauce 1996, Fuentealba and Bauce 2012a) .
Several authors have suggested that silvicultural treatments could increase the abundance or impacts of spruce budwormÕs natural enemies (Simmons 1975; Hé bert et al. 1990; Cappuccino et al. 1998 Cappuccino et al. , 1999 . However, to our knowledge, no studies have been conducted to test whether thinning can affect the impact of parasitoids on spruce budworm populations. The main objective of the current study was to investigate the inßuence of different partial cutting inten-sities on spruce budworm parasitism during the endemic period.
Materials and Methods
The experiments were conducted during spring and summer from 2010 to 2012 in the Montmorency experimental forest of Université Laval. This boreal forest is located in the Laurentian Mountains, 70 km north of Quebec City, QC, Canada (47Њ 19Ј N, 71Њ 08Ј W), in a region dominated by the balsam Þr, Abies balsamea (L.) Miller, and the paper birch, Betula papyrifera Marshall. Twelve-four-hectare plots were chosen on a north-eastern slope varying in elevation from 650 to 800 m, all situated in mature rich stands with a mesic-with-seepage drainage class. In eight plots, partial cutting treatments of two intensities (25 and 40% stand basal area removed) were done in autumn 2009. Four untreated plots were used as controls. Thinning was achieved with mechanical harvesters leaving 3.3 Ϯ 0.2-m skid trails in the treated plots, which represented 15% of stand basal area removal. To obtain the desired percentage removal, selected trees were removed on either side of the skid trails. Remaining forest strips were 22 Ϯ 3 m in width.
Because the spruce budworm population in the study area was at very low density, sentinel hosts were introduced to measure parasitism. To this end, overwintering second-instar spruce budworm larvae were obtained from the insect rearing facility of the Canadian Forest Service (Great Lakes Forest Research Centre, Sault Ste. Marie, ON, Canada) and reared on antibiotic-free artiÞcial diet (modiÞed from McMorran (1965) ) in growth chambers at 23ЊC, 60% relative humidity, and a photoperiod of 16:8 (L:D) h until the desired instar. Seehausen et al. (2013) found that parasitism rates did not differ between foliageand artiÞcial diet-fed larvae of spruce budworm used as sentinel hosts. To synchronize the development of sentinel larvae with that of the natural populations, a model of spruce budworm seasonality was used (Ré -gniè re et al. 2012a).
In total, 2015 and 2340 fourth-to sixth-instar larvae were installed from 14 June to 26 July 2011 and from 8 June to 13 July 2012, respectively, at eye level on current-year shoots of balsam Þr. Fifteen to twenty larvae were installed per plot and exposure period by placing them individually on separate branches of young balsam Þr trees in the remaining forest strips and control plots. Five larvae were always placed in a group of two to Þve trees to reduce time searching for larvae. Groups of trees were at least 15 m apart from each other to avoid excessive host clustering, and branches with larvae were labeled with colored tags to facilitate recovery. Larvae were installed twice a week and recovered after an exposure of 7 d. To recover exposed larvae and immature stages of parasitoids (larvae or cocoons) in the foliage in the vicinity of their host, whole shoots containing the exposed budworms were cut. After transport to the laboratory in a cooling box, larvae were placed in individual containers on antibiotic-free artiÞcial diet (modiÞed from McMorran (1965)) and reared at room temperature until moth or parasitoid emergence.
In total, 540 and 585 pupae were introduced in the study area from 5 to 19 July 2010 and from 15 July to 2 August 2011, respectively. Trees were selected in forested strips for plots with silvicultural treatments and randomly in control plots. Pupae were placed on balsam Þr branches at breast height (1.3 m) by binding together several adjacent shoots and placing one single pupa in the center (Fig. 1) . Five pupae were installed on any given tree and trees were at least 15 m apart from each other. Because spruce budworm pupae are commonly the prey of birds (Crawford and Jennings 1989, Venier and Holmes 2010) , exclusion cages were installed around each branch bearing the pupae. These cages consisted of a nylon net (2.5-cm mesh) supported by a metal hoop fastened to a wooden stake in front of the branch. The mesh was large enough to not interfere with searching parasitoids but prevented birds from reaching the pupae. Pupae were installed twice a week and recovered after 7 d and handled as described for larvae.
Parasitism was analyzed using logistic regression with binomial distributions and random effects on the plots nested within the treatments to account for uncontrolled differences in geographical location. Factors studied as Þxed effects in the model are presented in Table 1 . Exposure periods were introduced as repeated measures. Effects of silvicultural treatments were tested with a priori comparisons between controls and treated plots as well as between the two levels of partial cutting; P values were adjusted for multiplicity (PROC GLIMMIX, SAS Institute, 2004, Cary, NC). The few larvae and pupae dying from causes other than parasitism were excluded from the analysis.
Results
Overall parasitism of the fourth-and Þfth-instar spruce budworm larvae was 76.6% in 2011, which was signiÞcantly higher than the parasitism rate in 2012 (53.9%; Table 1 ; Fig. 2A and B) . Most of the parasitism in both years was done by Tranosema rostrale (Brischke) (Hymenoptera: Ichneumonidae; Fig. 2C and D) and to a lesser extent by Elachertus cacoeciae (Howard) (Hymenoptera: Eulophidae; Fig. 2E and  F) . For both species, parasitism levels were signiÞ-cantly higher in 2011 than in 2012 (Table 1) . In both years, a few Phytodietus vulgaris (Cresson) (probable identiÞcation) (Hymenoptera: Ichneumonidae) and some unidentiÞed species were also present (hereafter referred to as other species; Fig. 2G and H) . Their parasitism rates were signiÞcantly lower in 2011 than in 2012 (Table 1) . Pupal parasitism was very low in both years (2010 and 2011); only two of the recovered pupae were parasitized, both by Itoplectis conquisitor (Say) (Hymenoptera: Ichneumonidae).
Partial cutting treatments had a signiÞcant effect on parasitism of the fourth-and Þfth-instar larvae, overall and speciÞcally for T. rostrale. However, in both cases the signiÞcant interaction between year and treatment reveals that the inßuence of treatments differed between years (Table 1 ). In 2011, parasitism of fourthand Þfth-instar larvae, overall and speciÞcally by T. rostrale, was signiÞcantly lower in plots with partial cutting, regardless of intensity. However, in 2012, partial cutting had no signiÞcant effect on parasitism in either case (Table 2) . Parasitism by E. cacoeciae and other species did not differ signiÞcantly be- 
Fig. 2. Mean rates of overall attack (A and B), attack by T. rostrale (C and D), E. cacoeciae (E and F)
, and other parasitoid species (G and H) as a function of time (ordinal date) in 2011 and 2012 for two intensities of partial cutting (25 and 40% stand basal area reduced) and control stands.
tween the silvicultural treatments in either year (Tables 1 and 2) .
Overall, parasitism signiÞcantly decreased over the sampling period in 2012 (Table 1 ; Fig. 2A ). Parasitism by T. rostrale decreased signiÞcantly in both years (Table 1 ; Fig. 2C and D) . In contrast, parasitism by E. cacoeciae increased signiÞcantly over the sampling period in 2011. In 2012, fourth-and Þfth-instar larvae were only attacked by this species in the Þrst four sampling periods (Table 1 ; Fig. 2E and F) . Parasitism by other species also varied signiÞcantly over the sampling periods in both years (Table 1; Fig. 1G and H) . No interactions between treatments and exposure period were found in any case (Table 1) .
In 2011, too few sixth-instar larvae were recovered after exposure to be submitted to statistical analysis. However, parasitism on sixth-instar larvae in 2012 (22.0%; n ϭ 436) was lower than on fourth-and Þfth-instar larvae. Parasitism was done by T. rostrale (16.7%), E. cacoeciae (0.2%), and some unidentiÞed parasitoid species (5.1%). Partial cutting had an effect neither on overall sixth-instar parasitism (F ϭ 1.12; P ϭ 0.3406; df ϭ 2, 29.67) nor on parasitism by T. rostrale (F ϭ 0.72; P ϭ 0.4961; df ϭ 2, 29.51). Parasitism by E. cacoeciae and other species in this instar was too low to be submitted to statistical analysis.
Discussion
This study suggests that under certain circumstances, partial cutting reduces parasitism of endemic spruce budworm populations, but this effect is not consistent. Partial cutting signiÞcantly decreased parasitism of fourth-and Þfth-instar spruce budworm larvae in 2011. However, no signiÞcant inßuence of the silvicultural treatments on larval parasitism was found in 2012, which indicates that the negative impact of partial cutting on parasitism detected in 2011 was ephemeral.
Several hypotheses have been formulated about the manipulation of forest habitats through silviculture to inßuence parasitism. Roland and Taylor (1997) suggest that forest fragmentation may alter parasitism through the effects of habitat structure on parasitoid movement. Openings of the forest canopy through silvicultural treatments like commercial thinning can also cause substantial microclimatic changes (Aussenac 2000, Thibodeau et al. 2000) , which in turn may inßuence parasitoids. Higher temperatures, as can be found in stands with partial cutting (Seehausen 2013) , can result in less efÞcient exploitation of patches, resulting in lower parasitism rates (Denis et al. 2011) . ModiÞed humidity (GolÕBerg 1982 , Ryan 1974 ) and higher wind speeds (Messing et al. 1997, Gu and Dorn 2001) may have similar effects.
However, although the skid trails in our experiment persisted well beyond 2012, we observed no persistent change in the inßuence on parasitism rates. This result may be linked to the lower parasitism in 2012 compared with 2011 (Table 1) . SpeciÞcally, the reduced abundance of adult parasitoids in 2012 may have impacted dispersal behavior, thus precluding the effect of partial cutting treatments from being observed. Thus, if parasitoid abundance and parasitism were to increase in subsequent years, the negative effect of the silvicultural treatments may be apparent again.
Although a density-dependent effect on parasitoidsÕ response to treatment provides a plausible explanation, partial cutting inßuenced parasitism in only 1 yr. Therefore, we cannot conclude that this silvicultural treatment would have a consistent inßuence on parasitism of spruce budworm larvae in other years when parasitoid densities were higher. Interestingly, studies on the inßuence of stand thinning on the western spruce budworm, Choristoneura occidentalis Freeman (Lepidoptera: Tortricidae), (Mason et al. 1992 ) and the gypsy moth, Lymantria dispar (L.) (Lepidoptera: Erebidae), (Liebhold et al. 1998 ) parasitism found no signiÞcant inßuence of the silvicultural treatment. However, tree thinning and partial cutting are distinct silvicultural treatments that could have a very different inßuence on forest insects. The resulting distribution of trees in treated stands differs in terms of homogeneity. This distribution may affect insect movement. In partial cutting treatments, gaps are created in a stand causing a more patchy modiÞcation of the forest canopy.
The high overall parasitism of the fourth-and Þfth-instar larvae in both years shows the importance of parasitoids as natural control agents in endemic spruce budworm populations. Noteworthy is the dominance of T. rostrale as a mortality factor of endemic spruce budworm populations. High parasitism rates by T. rostrale in both years emphasize the efÞciency of this species in Þnding scarce hosts and its contribution in maintaining spruce budworm abundance at low levels (Ré gniè re et al. 2012b). However, the parasitoid complex of the spruce budworm and its inßuence on spruce budworm survival changes considerably in outbreak conditions (Blais 1965a, Miller and Renault Numbers followed by the same letter do not differ signiÞcantly at P Ͻ 0.05 according to a priori comparisons.
a For E. cacoeciae, in 2012, only parasitism rates of the Þrst four sample periods were analyzed and are presented here. 1976). Therefore, results of this study apply speciÞ-cally to endemic spruce budworm populations.
An important reduction of parasitism by E. cacoeciae was observed in 2012 compared with 2011. This exoparasitoid is known to prefer Þfth-instar spruce budworm larvae as host but is also an important parasitoid of the sixth instar (Fidgen et al. 2000) . Our 2011 data for parasitism by E. cacoeciae agree with these observations. During the exposure periods of fourth-and Þfth-instar larvae in 2011, parasitism by E. cacoeciae increased over time, and Þfth-instar larvae were the most attacked under Þeld conditions. In contrast, during the same exposure periods, parasitism by T. rostrale decreased over time, resulting in higher parasitism of fourth-instar larvae under Þeld conditions. The reason for the reduced parasitism rates of both species in 2012 remains unknown but may explain the low parasitism of sixth-instar larvae.
Sixth-instar larvae and pupae of the spruce budworm were only occasionally parasitized. Information about parasitism in endemic spruce budworm populations is very scarce, it remains unknown if the low parasitism of these instars is only related to conditions found during the current study or if this is a general observation for low-density populations. Several parasitoid species are known to attack spruce budworm pupae in the endemic phase (Miller and Renauld 1976, Cappuccino et al. 1998 ), but many also fall prey to birds (J.R., unpublished data). Thus, low mortality of budworm pupae from parasitism may be compensated by increased bird predation.
